One of the most intriguing aspects of male reproductive physiology is the ability to generate spermatogenic cells -which are 'foreign' to the host -without triggering immune activation. After leaving the testis, spermatozoa enter the epididymis where they mature and are stored. In this study, we report a previously unrecognized dense network of dendritic cells (DCs) located at the base of the epididymal epithelium. This network was detected in transgenic mice expressing CD11c-EYFP and CX3CR1-GFP reporters. Epididymal DCs (eDCs) establish intimate interactions with the epithelium and project long dendrites between epithelial cells toward the lumen. We show that isolated eDCs express numerous leukocyte markers described previously in other organs that are in contact with the external environment, and present and cross-present ovalbumin to T cells in vitro. eDCs are, therefore, strategically positioned to regulate the complex interplay between immune tolerance and activation, a balance that is fundamental to male fertility.
Introduction
Although a significant proportion of male infertility cases are thought to have an immunological cause (Stedronska & Hendry 1983 , Pattinson & Mortimer 1987 , McLachlan 2002 , Meinhardt & Hedger 2010 , the cellular and molecular basis of immune regulation in the epididymis -the site of sperm maturation and storage -remains poorly understood. The establishment and maintenance of male fertility requires close and tightly regulated interactions between the reproductive, endocrine, and immune systems. Spermatozoa acquire motility and the ability to fertilize an egg during their transit in the epididymis, a single, long, and convoluted duct with a large epithelial-luminal interface located downstream of the testis. Post-testicular sperm maturation involves numerous mechanisms mediated by the pseudostratified epithelium that lines the epididymis, including protein secretion and reabsorption, as well as fluid and ion exchanges (Da Silva et al. 2007 , Cornwall 2009 , Shum et al. 2009 ). One of the most striking characteristics of spermatozoa is their immunological status: post-meiotic germ cells start expressing new surface and intracellular molecules at puberty, long after the establishment of systemic immune tolerance. They are, therefore, foreigners in the environment in which they were produced , Hedger & Hales 2006 . Despite this apparent paradox, they are tolerated and even pampered all along the excurrent duct (efferent ducts, epididymis, vas deferens, and ejaculatory ducts), as they are prepared to face the challenging environment of the female genital tract. The immunological status of spermatozoa would not be particularly intriguing if the barriers lining the male reproductive system were totally efficient, but the physical separation between the immune system and the germ cells is far from perfect (Pelletier 1994 , Pollanen & Cooper 1994 , Levy & Robaire 1999 , Hedger & Hales 2006 . In addition, the male reproductive tract is contiguous with the external environment and, therefore, continuously challenged by potential pathogenic microorganisms and viruses. Inflammation of the epididymis can cause obstruction or destruction of the duct leading to transient or permanent infertility (Chan & Schlegel 2002 , Cunningham & Beagley 2008 ). Yet, the mechanisms that prevent the development of an autoimmune response against millions of autoantigenic spermatogenic cells and mature spermatozoa, while maintaining the ability to initiate efficient immune responses against pathogenic microorganisms and cancer cells, are still superficially understood. These mechanisms have been studied mostly in the testis (Meinhardt & Hedger 2010) , largely underestimating the immune function of the epididymis and the post-testicular environment in general. Intraepithelial lymphocytes and other immunocompetent cells have been observed in the epididymis (Ritchie et al. 1984 , Nashan et al. 1989 , 1990 , 1993 , Barratt et al. 1990 , Tomlinson et al. 1992 , Yeung et al. 1994 , Hooper et al. 1995 , Flickinger et al. 1997 , Rossi & Aitken 1997 , Serre & Robaire 1999 , but the precise nature of these cells and their immunological properties remain to be elucidated. Dendritic cells (DCs), the specialized antigen-presenting cells (APCs) that are key regulators of immune responses in numerous organs (Banchereau & Steinman 1998 , Steinman et al. 2003 , Steinman & Banchereau 2007 , Helft et al. 2010 , are thought to be absent from the epididymal epithelium (Seiler et al. 2000) . In this study, we describe a surprisingly extensive network of stellate cells visualized in the epididymis of CD11c-EYFP (Lindquist et al. 2004 ) and CX3CR1-GFP (Jung et al. 2000) reporter mice. Based on their striking dendriform morphology, their intimate interactions with the epididymal epithelium, their phenotype, and antigen-presenting capabilities, we named these cells 'epididymal DCs' (eDCs). eDCs and other cells from the mononuclear phagocyte system (MPS) are ideally positioned to play a major role in male reproductive physiology and pathophysiology. Unraveling their function in the unique environment constituted by the epididymis may also help to better understand the mechanisms of tolerance and autoimmunity in male reproductive function.
Results

CD11c
C and CX3CR1 C DCs form a dense network localized at the base of the epididymal epithelium
We examined 50 mm sections of epididymis from CD11c-YFP and CX3CR1-GFP adult mice by fluorescence microscopy and generated large mosaic images representing complete sections of the entire organ ( Fig. 1 and Supplementary Figures 1 and 2 , see section on supplementary data given at the end of this article). The epididymis is a continuous tubule, but a portion of the body (or corpus), which is very narrow, is often absent from thick sections. The entire murine epididymis is heavily populated by a network of CD11c-YFP C and CX3CR1-GFP C DCs ( Fig. 1a and b respectively), located mostly in the peritubular region ( Fig. 1c and d ). In the proximal epididymis, eDCs exhibit numerous ramifications that cover the basal side of the epithelium (Fig. 1d) . To better examine the distribution and the morphology of eDCs, we generated high-magnification epifluorescence and confocal pictures of live (examined within 15 min after dissection) and fixed tissue sections. Most, if not all, eDCs have a stellate/dendriform morphology and are located at the base of the epithelium (Fig. 2 ). CD11c C (Fig. 2a, b and h) and CX3CR1 C (Fig. 2c-g ) cell morphology and distribution appear very similar, but our microscopic analysis cannot rule out that these transgenes may, in fact, highlight several overlapping subsets of cells in the epididymis. In addition, eDCs are more ramified in the proximal epididymis (head, Fig. 2h ) than in the distal segment (tail, Fig. 2i ).
eDCs project numerous intraepithelial processes in the proximal epididymis High-resolution fluorescence cross-section images ( Fig. 3a and Supplementary Movie 1, see section on supplementary data given at the end of this article) revealed that eDCs project slender processes (diameter !1 mm) between epithelial cells, toward the lumen. Three-dimensional reconstruction showed that the DC bodies lie on the basal surface of the epithelium and send narrow projections that run along the basal axis of the epithelium (Fig. 3b) . Perpendicular dendritic processes arise from these projections (Supplementary Movie 2, see section on supplementary data given at the end of this article) and plunge deeply between the epithelial cells. A single eDC can survey a considerable region (up to 10 000 mm 2 ; Figs 2h and 3c) and can project up to 40 processes that penetrate the lateral compartment of the epithelium (Fig. 3d) . Intraepithelial dendrites that extend toward the tight-junction barrier of the epithelium (visualized using TJP1 (also known as ZO-1) immunolabeling) are visible primarily in the initial segments (Fig. 3e ). In the distal epididymis (tail), eDCs are flat and interact with the basal surface of the epithelium, but they do not project visible intraepithelial dendrites (Figs 2i and 3f) . Occasionally, some CD11c-GFP C and CX3CR1 C cells appear to be embedded within the epithelium rather than being exclusively peritubular (not shown).
Phenotype of eDCs
Next, we phenotyped eDCs with antibodies against surface markers typically used for the characterization of leukocytes and APCs (Choi et al. 2009 , Ginhoux et al. 2009 , Miloud et al. 2010 . Our preliminary flow cytometry analyses showed that most epididymal CX3CR1-GFP C cells express CD11c (Supplementary Figure 3 , see section on supplementary data given at the end of this article). To exclude any possible abnormality of the phenotype and/or number of DCs in transgenic animals, we performed all the subsequent analyses with wild-type C57BL/6 mice. We identified two major populations of eDCs: CD11c C
CD103
C eDCs and CD11c Both populations of eDCs express CX3CR1 and MHC class II molecules, similar to DCs in the small intestine . Epididymal CD11c C cells share numerous similarities with the so-called 'classical' DCs (tissue-resident steady-state DCs) described in other nonlymphoid organs such as the gut, lung, skin, and aorta (Choi et al. 2009 , Helft et al. 2010 ). As such, CD11c
C cells express CD11b and the co-stimulatory molecules CD40, CD80, and CD86, as well as CD1d and the macrophage marker F4/80 ( Fig. 4a and b) . They also express Ly6C, the C-type lectins langerin and DC-SIGN, as well as the signal regulatory protein a, SIRP-a, which interacts with CD47 to regulate immune homeostasis (Barclay 2009 , Matozaki et al. 2009 ). In contrast, CD11c C CD103 K eDCs express lower or undetectable levels of co-stimulatory molecules, Ly6C, DC-SIGN, langerin, F4/80, and SIRP-a but express CD1d, MHC class II, and, surprisingly, CD11b ( Fig. 4a and b ). Splenic DCs (Fig. 4b , bottom row) express lower levels of co-stimulatory molecules when compared with CD103 C eDCs, indicating their less mature status and insignificant levels of Ly6C, F4/80, DC-SIGN, and langerin.
Expression of macrophage markers in the epididymis
DCs and macrophages belong to the notably heterogeneous MPS, and the distinction between these two cell types is still controversial (Geissmann et al. 2010) . The expression of F4/80 (a macrophage marker involved in the induction of peripheral tolerance (Lin et al. 2005) ) in CD11c-positive cells led us to refine the analysis of macrophage markers in the epididymis by immunofluorescence microscopy. CD11c-EYFP and the F4/80 antibody revealed three distinct populations of cells that express one marker or both (Fig. 5a-e) . In addition, the mannose receptor (CD206) is expressed exclusively by a population of CD11c-negative cells that are located in the interstitium and are morphologically distinct from the peritubular eDCs (Fig. 5f ). Higher magnification pictures clearly showed that CD11c C and CD206
C cells are distinct populations ( Fig. 5g  and h ). Thus, the epididymal tubule and interstitium are populated by several subsets of mononuclear phagocytes that express a complex combination of markers traditionally described as 'dendritic cell' or 'macrophage' markers. showing CX3CR1-GFP C eDCs (green) projecting processes toward the tight junctions labeled with TJP1 (red). In contrast, eDCs do not project visible intraepithelial dendrites in the epididymis tail (f). E, epithelium. BlueZDAPI. BarsZ10 mm (a-e) and 20 mm (f).
eDCs are effective APCs in vitro
A prerequisite for any putative role in reproductive immunophysiology is the ability of eDCs to present antigens to T cells. Therefore, we determined the antigen presentation capabilities of isolated eDCs in vitro by culturing them with chicken ovalbumin (OVA)-specific OT-I and OT-II transgenic T cells, in the presence or absence of OVA, and by assessing for T cell proliferation. In the presence of OVA, CD11c C CD11b C eDCs induced strong proliferation of CD4 C (82% proliferating cells) and CD8
C (53%) OVA-specific T cells (Fig. 6 , left panels). As control, the effect of splenic DC on T cell proliferation was examined. Splenic DCs induced CD4 C and CD8 C T cell proliferation by 90 and 80% respectively (Fig. 6, right panels) . Thus, isolated eDCs appear to be very effective at processing and presenting antigens to CD4
C and CD8 C T cells in vitro.
Discussion
In complex mechanisms, which are regulated by the pseudostratified epithelium that lines the entire excurrent ductal system and is under the control of the endocrine system (Ezer & Robaire 2002 , Hess et al. 2002 , Robaire et al. 2007 , Cornwall 2009 , Shum et al. 2009 . Surprisingly, one of the most understudied aspects of epididymal physiology is its interaction with the immune system (Hedger & Hales 2006) . The epididymal mucosal system must protect autoantigen-coated spermatozoa from destruction by the immune system as well as invading pathogens. DCs, the specialized APCs that are key regulators of immune responses in numerous organs (Banchereau & Steinman 1998 , Steinman et al. 2003 , Steinman & Banchereau 2007 , Helft et al. 2010 , had been thought to be absent from the epididymal epithelium in order to prevent immune activation (Seiler et al. 2000) . However, we describe in this study an extensive network of DCs and macrophages that populate the entire organ and seem to be strategically positioned to actively regulate the interactions between the reproductive and the immune systems. Two transgenic mouse models, which have been widely used to characterize DCs in numerous organs, revealed the presence of CD11c C and CX3CR1 C cells that establish close contact with the epididymal epithelium.
The mouse epididymis is a continuous but segmented organ that has at least two clearly distinct functions: spermatozoa mature mostly in the most proximal segments (head), although the distal regions (body and tail) are also sites of storage. Although all epididymal DCs express the markers CD11c and CX3CR1, we show in this study that intraepithelial dendrites are particularly abundant in the initial segments. These cells resemble the F4/80 C cells observed by Mullen et al. (2003) although all the epididymal leukocytes described by this group were CD11b-negative. In the initial segments, most, if not all, epithelial cells seem to be in direct contact with an eDC, and we determined that each eDC extends dozens of intraepithelial dendrites toward the tight junctions that constitute the so-called bloodepididymis barrier. This portion of the tubule is the first segment encountered by spermatozoa after their short transit in the efferent ducts. The initial segments are, therefore, likely to play a primary role in the acceptance of maturing sperm cells by the immune system. Interestingly, the initial segments are also the most vascularized region of the epididymis (Suzuki 1982 , Abe et al. 1984 and, consequently, the most readily accessible region for blood-borne differentiated cells and/or progenitors. In addition, the lumen in these segments is relatively narrow (its diameter represents about one-tenth of the tubular diameter in the distal epididymis tail), which increases the probability of direct interactions between spermatozoa, epithelial cells, and any cell type capable of projecting intraluminal extensions such as basal cells (Shum et al. 2008) and, possibly, DCs ) and other leukocytes (Mullen et al. 2003) . Finally, the initial segments are the region of the epididymis that is least likely to be infected by ascending pathogens. It has been suggested that the CX3CR1-expressing intestinal DCs with transepithelial sampling capabilities are essentially macrophages involved in maintaining the mucosa rather than initiating T cell responses (Geissmann et al. 2010) . If scavenging activity is necessary in the male excurrent duct, it should occur all along the epididymal duct and particularly in the distal region, which is the site where sperm are stored for a long period of time (several days to several weeks). Thus, we believe that intraepithelial dendrites are present in the initial segments because it is the region where they are the most likely to interact with sperm and/or luminal components released by spermatozoa very early in the post-testicular maturation process. In doing so, eDCs could be involved in the establishment and maintenance of immune tolerance to maturating spermatozoa that express new autoantigens, which is a critical step in the establishment of male fertility. In contrast, the exclusively peritubular DCs observed in the steady-state cauda epididymis might be 'sentinels' that regulate, when necessary, inflammation and immune responses against ascending pathogens. eDCs could complement the action of testicular DCs, which have been detected in the normal and inflamed testis but are, by definition, never in contact with fully mature spermatozoa , Rival et al. 2006 , Guazzone et al. 2011 .
We characterized distinct populations of CD11c C CD103 C and CD11c C CD103 K DCs in the epididymis. In this respect, eDCs resemble resident DCs described in other non-lymphoid tissues such as the skin, liver, kidney, and intestine (Helft et al. 2010 ). CD103
C DCs exhibit tolerogenic properties in the gut (Coombes et al. 2007 , Coombes & Powrie 2008 , Matteoli et al. 2010 and they are also functionally specialized in the skin and in the lung (Ginhoux et al. 2009 ). Although the epididymis and the gut are functionally unrelated, the DCs that populate their mucosae may have to face similar challenges. Epididymal and intestinal mucosa survey a luminal environment in which they have to make the distinction between pathogens and hundred of millions of spermatozoa, or pathogens, and the very abundant and heterogeneous commensal flora respectively (Niess & Reinecker 2005 , 2006 . In both organs, the 'sentinels' of the immune system must sample the luminal environment without disrupting the barrier function of the epithelium. Any alteration of the fragile balance between tolerance and immunogenicity has the potential to trigger autoimmune or inflammatory disorders such as autoimmune infertility in the testis and the epididymis and inflammatory bowel disease in the gastrointestinal tract (Niess & Reinecker 2005 , 2006 . Peripheral tolerance involves complex mechanisms aiming at selecting negatively autoreactive T cells, controlling locally the T cells that escape thymic selection and separating these cells from the autoantigens (Mueller 2010) . The density of the eDC network described in this study is such that low-avidity T cells that express self-peptide MHC are likely to react, causing a failure of peripheral tolerance and, ultimately, autoimmune infertility. In the gut, a population of CD11c C
CD103
C DCs exhibit tolerogenic (Steinman et al. 2003) properties via indoleamine 2,3-dioxygenase (IDO)-dependent mechanisms and play, therefore, a critical role in the establishment of oral tolerance to food antigens (Iliev et al. 2009 , Matteoli et al. 2010 . Interestingly, IDO is abundantly expressed in the epididymis (Britan et al. 2006 , Drevet 2006 , Jrad-Lamine et al. 2011 , but its potential roles in adaptive immunity in this organ remain to be elucidated.
The microscopic analysis of three markers (CD11c, F4/80 and CD206/mannose receptor) revealed the presence of at least four distinguishable cell types in the epididymis. CD206-positive cells do not express CD11c, they are exclusively interstitial and do not exhibit the stellate morphology of CD11c C cells. F4/80 is expressed by a subset of CD11c C cells as well as some CD11c K cells. In fact, flow cytometry and microscopic analyses are snapshots that are not sufficient to reveal the dynamics and phenotypical modulation of DCs and macrophages. In the absence of inflammation, the epididymis is heavily populated by the 'infamously heterogeneous' (Geissmann et al. 2010) MPS and this heterogeneity might reflect, at least in part, the dual function of this organ. The maturation, storage, and perhaps selection (Sutovsky et al. 2001 , Cooper et al. 2002 processes that occur in the epididymis are likely to involve phenotypically and functionally distinct subsets of cells with antigen-presenting capabilities, including 'immunogenic' and 'tolerogenic' DCs. A region-specific characterization of eDCs will help to better understand the heterogeneity observed in the whole organ. Interestingly, the CD103 C eDCs expressed relatively high levels of DC-SIGN (CD209) and langerin (CD207). These markers, which are C-type lectins that bind mannosecontaining glycoproteins, are involved in infection by viruses such as HIV (de Witte et al. 2007 (de Witte et al. , 2008 . The role of DC-SIGN-and langerin-positive eDCs during HIV infection should be further investigated, as the epididymis is a major target and reservoir of HIV (Mullen et al. 2003 , Shehu-Xhilaga et al. 2007 .
In accordance with their high level of expression of MHC and co-stimulatory molecules, we show that isolated CD11c
C eDCs have strong antigen-presenting and cross-presenting capabilities in vitro. The antigenpresenting capabilities of eDCs, as well as their migratory properties, should be established in vivo in future studies. However, the results described here leave little doubt that the abundant eDCs play a critical immunological role in the male excurrent duct, in close relationship with epithelial cells, which may regulate the delivery of antigens to peritubular DCs as well as the dynamics of DC processes as they extend towards the lumen (possibly via a CX3CR1-dependent mechanism). In addition, we cannot exclude complementary direct antigen-presenting capabilities of epithelial cells during inflammation, as was described in the gut (Shale & Ghosh 2009 ). The influence of sex hormones on eDC distribution and function should also be investigated. Indeed, female sex steroids directly regulate the function of DCs (Hughes & Clark 2007) and, surprisingly, estrogens are abundant in the epididymis (Hess et al. 2002) . Finally, the abundance of DCs in the epididymis in the absence of infection/inflammation also raises the possibility of additional and non-immune roles for these cells. In the steady-state brain, CD11c
C DCs are particularly abundant in the regions where the bloodbrain barrier is weak or absent, and a possible role of DCs in neurogenesis and regulation of CN plasticity was suggested (Bulloch et al. 2008) . Similarly, eDCs could be actively involved in the maintenance of the complex epididymal epithelium. In contrast with immunologically privileged sites such as the anterior chamber of the eye (Streilein 1993 , Stein-Streilein 2008 and the brain, which are partially isolated from the immune system by a deficient lymphatic drainage, the epididymis contains abundant lymphatic channels (Kazeem 1983 (Kazeem , 1988 . Therefore, immunological information gathered by eDCs could be processed in local lymph nodes to (Bizargity & Bonney 2009 , Guazzone et al. 2011 , Ivanisevic et al. 2010 . Their role in the post-testicular environment must be unraveled, and studying the cellular mechanisms of mucosal immunity in the epididymis will require massive efforts aiming at adapting intravital imaging and in vivo antigen stimulation protocols to this small but relatively accessible organ.
Materials and Methods
Mice
CD11c-EYFP mice (Lindquist et al. 2004 ) were a gift from the laboratory of M C Nussenzweig (The Rockefeller University, New York, NY, USA). CX3CR1-GFP mice (Jung et al. 2000) were a gift from D R Littman (Skirball Institute, New York, NY, USA). The mice referred as 'CX3CR1-GFP' in this study are exclusively Cx3cr1 gfp/C mice, obtained by breeding Cx3cr1
gfp/ gfp males with wild-type females (C57BL/6; The Jackson Laboratory, Bar Harbor, ME, USA). Transgenic and wild-type mice were maintained free of common rodent pathogens and on a standard diet. Mouse protocols were approved by the Massachusetts General Hospital Institutional Animal Care and Use Committee.
eDC isolation
For eDC isolation, we modified a protocol used previously to prepare epididymal single-cell suspensions (Da Silva et al. 2010) . Briefly, epididymides were dissected and cut into small pieces with scissors in dissociation medium (RPMI 1640 with 0.5 mg/ml collagenase type I and 0.5 mg/ml collagenase type II, 1 ml per epididymis pair). Tissues were incubated for 30 min at 37 8C with gentle shaking. After enzymatic digestion, cells were passed through a 70 mm nylon mesh strainer, washed in PBS with 1% BSA, and stored on ice until processing.
Antibodies, negative selection of eDCs, and flow cytometry 
In vitro OVA presentation
Single-cell suspensions pooled from mesenteric lymph nodes and spleen of OT-I and OT-II C57BL/6 mice were flow sorted for the isolation of CD4 C and CD8 C T cells obtaining a purity O98% for each T cell population. Purified T cells were labeled with carboxyfluorescein succinimidyl ester (CFSE, 5 mM) and then stimulated in vitro in complete medium (RPMI medium 1640 with sodium 1 mM pyruvate, 10 mM HEPES, 2 mM glutamine, 1% penicillin-streptomycin, 50 mM mercaptoethanol, and 10% heat-inactivated FCS) for 5 days in the presence or absence of eDCs (4-5:1 ratio respectively) and/or 200 mg/ml OVA (Sigma-Aldrich) and maintained at 37 8C. Cells were harvested and proliferation was measured based on CFSE dilution by flow cytometry.
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